In Central Aragon, winter cereal is sown in the autumn (November-December), commonly 2 after a 16-18 month fallow period aimed at conserving soil water. This paper uses the Simple 3 Soil-Plant-Atmosphere Transfer (SiSPAT) model, in conjunction with field data, to study the 4 effect of long fallowing on the soil water balance under three tillage management systems 5 (conventional tillage, CT; reduced tillage, RT; and no-tillage, NT). This was on the assumption 6 that soil properties would remain unchanged during the entire fallow season. Once the model was 7 validated with data obtained before primary tillage implementation, the differences between 8 simulated and observed soil water losses for the CT and RT treatments could be interpreted as the 9 direct effect of the soil tillage system. The model was calibrated and validated in a long-term 10 tillage experiment using data from three contrasting long-fallow seasons over the period 2002, where special attention was paid to predicting soil hydraulic properties in the pre-tillage 12 conditions. The capacity of the model to simulate the soil water balance and its components over 13 long fallowing was demonstrated. Both the fallow rainfall pattern and the tillage management 14 system affected the soil water budget and components predicted by the model. The model 15 predicted that about 81% of fallow seasonal rainfall is lost by evaporation in long-fallow periods 16 with both a dry autumn in the first year of fallow and a rainfall above normal in spring. Whereas, 17 when the fallow season is characterised by a wet autumn during the first year of fallow the model 18 predicted a decrease in soil water evaporation and an increase in water storage and deep drainage 19 components. In this case, the predicted water lost by evaporation was higher under NT (64%) 20 than under RT (56%) and CT (44%). The comparison between measured and simulated soil water 21 loss showed that the practice of tillage decreased soil water conservation in the short term. The 22 long-term analysis of the soil water balance showed that, in fallow periods with a wet autumn 23 during the first year of fallow, the soil water loss measured under CT and RT was moderately 24 greater than that predicted by the model. 
8 below normal in both cases) in autumn (19% of the total fallow rainfall) and a rainfall 11 and 1 33% above normal, respectively, in spring (24 and 30% of the total fallow rainfall) (Table 1) . 2 3
Soil parameters 4
For the initialisation and validation of the model, the soil temperature (T soil ) was measured 5 using thermistors horizontally inserted at depths of 2, 6 and 10 cm on one plot per tillage 6 treatment during the three fallow periods. period. The soil thermistors were connected to a data-logger, and data signals were acquired 9 every 10 s and averaged over 60-min intervals. Soil temperature measurements gathered during 10 periods with slow changes in soil water content were used to calculate the soil heat flux at the 11 surface (G) for the three fallow seasons and tillage systems by using the "zero flux method" or 12 calorimetric method (Sauer, 2002) . 13
The volumetric water content of soil (θ) in the top 70 cm was monitored on a daily basis or as 14 a function of rainfall events over the three experimental fallow periods using the Time Domain 15
Reflectometry (TDR) technique. Probes consisting of two parallel stainless steel rods were 16 vertically inserted into the soil to a depth of 10, 20, 40 and 70 cm, and θ was calculated using the 17 model proposed by Topp et al. (1980) . Two measurements of θ were made per experimental plot, 18 which in accordance with the incomplete block design used gave a total of 18 measurements (6 19 per tillage treatment) on each fallow field per sampling depth and observation date. 20
The system of fallow tillage management affected the soil water dynamics during the three 21 fallow periods. Figure 2 provides an example of the variation in θ for the 0-10, 10-20, 20-40 and 22 40-70 cm layers measured by TDR in Field 2 under CT, RT and NT treatments from 21 23
September 1999 to 12 December 2000 (first long-fallow period). Compared to CT and RT, the 24 soil water stored under NT tends to be higher in the surface horizons and lower in the deeper9 ones. This behaviour is more marked during rainy periods, as occurred at the beginning and the 1 end of the period (Fig. 2) , reflecting the rainfall events in September-November 1999 and March-2 April 2000, respectively (Table 1) . 3
The soil dry bulk density, ρ b , hydraulic conductivity, K, and water retention curve, θ(h), were 4 measured in situ in the 1-10 cm and 40-50 cm soil layers for the different tillage systems. In the 5 three fallow periods, measurements of soil properties were made between January and March, 6 just before primary tillage operations. Two samplings were performed per experimental plot, 7 fallow period and sampling depth. The soil bulk density, ρ b , was determined by the core method. 8
The hydraulic conductivity, K, was measured at -14, -4, -1, and 0 cm soil pressure head (h) using 9 a tension disc infiltrometer (Perroux and White, 1988) and calculated according to the multiple-10 head method (Ankeny et al., 1991) . The volumetric water content of soil beneath the infiltrometer 11 disc was determined by TDR at the end of each infiltration measurement. For this purpose, and 12 prior to the infiltration measurements, a three-rod TDR probe was installed horizontally into the 13 soil at a depth of 3-4 cm. The water content / matric potential relationship, θ(h), during draining 14 was only measured during the 2001-2002 fallow period on Field 2. For the 0 to -30 kPa range, 15 simultaneous field measurements of θ, using three-rod TDR probes, and h, using 16 microtensiometers, were performed. Additionally, soil water retention at -100, -500 and -1500 17 kPa was measured in the laboratory on 2 mm sieved soil samples using a pressure membrane 18 extractor. The θ(h) curve for Field 1 was estimated from soil water retention data given by López 19 (1993) . Likewise, the hydraulic conductivity of the surface crust (K c ) (0-1 cm depth) was 20 determined at saturation (h = 0 cm) according to Vandervaere et al. (1997) . The bulk density of 21 the surface crust was measured by the clod method (Grossman and Reinsch, 2002) using paraffin 22 wax as a coating agent. 23
Assuming a negligible runoff from the nearly level experimental plots in both Field 1 and 1 Field 2 (0-2 % slope), the soil water budget for a given fallow period simplifies to: 2
where E (mm) is the water loss by evaporation from the soil surface, D is the deep percolation, P 4 (mm) is the rainfall recorded over the time period in question, and ∆θ is the change in soil water 5 storage (0-70 cm depth) calculated using the volumetric moisture content profiles. 6 7
Modelling strategy 8
The measured soil and climate parameters were directly introduced into the model. For the soil 9 horizons that were characterised in the field (0-1 cm; 1-10 cm; and 40-50 cm), the total soil 10 porosity, ξ, was calculated from the soil dry bulk density ρ b and the soil particle density ρ s (ρ s = 11 2.65 Mg m -3 ), through ξ = 1 -(ρ b / ρ s ). The soil water retention curve was obtained by fitting the 12 measured (h, θ) values to the van Genuchten (1980) model 13
where n is the shape factor and m = 1-(2/n) (Braud, 2000) . In this equation, θ sat and θ r are the 15 saturated and residual volumetric water contents, respectively, and h g is the scale factor. In our 16 case, θ sat is the water content below the disc infiltrometer at the end of the infiltration 17 measurement at saturation, and θ r was estimated from the soil textural properties (Kosugi et al., 18 2002) . The hydraulic conductivity curve K(θ) was fitted using the Brooks and Corey (1964) 19 model: 20
where K sat is the saturated hydraulic conductivity, β a shape factor estimated from the measured 1 K(h) relationship, and θ is the soil water content below the infiltrometer disc at the end of each 2 tension infiltration measurement. 3
The values for all the above soil parameters are given in Table 2 . On average, the values of 4 K sat , n, h g and θ sat measured under NT in the 1-10 cm soil layer were significantly lower than 5 those measured under the CT and RT treatments. In contrast, ρ b was significantly greater under 6
NT than under CT and RT. These results indicate that long-term NT management (after 8-10 7 years of trial) compacted the topsoil, which in turn affected the soil hydraulic properties. In 8 general, the spatial variability of the soil parameters was low, as indicated by the low values of 9 the coefficient of variation (CV) ( Table 3 ). The interannual variability of K sat for the 0-10 cm 10 depth soil layer under NT (CV= 45%) was lower than that observed for the CT (CV = 50%) and 11 RT (CV = 52%) treatments. The mean value of the surface crust hydraulic conductivity at 12 saturation was 1.0 x 10 -5 m s -1 , with no significant differences among fallow periods and tillage 13 Since the SiSPAT model also requires the specification of the thermal conductivity λ, this 22 parameter was derived using the Van de Griend and O'Neil model (Braud, 2000) as the option 23 most appropriate to our experimental set-up, where only the soil texture is known and no 24 measurements of the soil thermal properties are available. Other non-measured surface12 parameters that must be prescribed are the bare soil albedo, α, and the roughness length for the 1 momentum, z om . The Passerat de Silans model (Braud, 2000) , calibrated for a loam soil, was used 2 to calculate α, and z om was set to 0.004 m (M.V. López, personal communication). 3
Given the soil and climate data sets available for the three fallow periods, we used the split- were performed. The root mean square error (RMSE) was also calculated by 17
where N is the number of pairs available. 19
Finally, in order to assess the efficiency of the three tillage practices, a simulation of the soil 20 water balance under the three tillage management systems was performed for the entire fallow 21 periods on the assumption that the measured soil parameters would remain unchanged until the 22 end of the fallow season. This assumption was obviously justified for the NT treatment. Its 23 validity for the CT and RT treatment will be discussed by comparing the simulation results of soil 1 water loss with the observations. 2 3 3. Results and discussion 4
Model performance 5
The results gathered during the calibration phase are summarised in Table 3 SiSPAT assessment studies (Braud et al., 1997; Boulet et al., 1997; Gonzalez-Sosa et al., 1999; 20 Gonzalez-Sosa et al., 2001) . 21 Table 4 
Comparison between measured and simulated soil water loss 9
To begin by focusing on the long-term analysis, Figure 4 shows a comparison between the 10 simulated and measured cumulative soil water loss (i.e., E+D) from the 0-70 cm soil profile for 11 the three tillage systems and fallow periods. In general, the soil water loss measured during the 12 entire fallow periods for NT and before tillage operations for CT and RT agreed with that 13 simulated by SiSPAT. 14 The comparison between the simulated, (E+D) S , and measured, (E+D) M , total soil water lost 15 from the 0-70 cm soil profile at the end of fallow allowed us to quantify the long-term influence 16 of tillage practices on soil water storage and conservation ( This may indicate that both mouldboard and chisel ploughing had a negative influence on the 20 total soil water conservation in fallow periods with a very wet autumn during the first year of 21 fallow. As the hypothesis in the simulation is that soil hydraulic properties are not modified by 22 tillage practices, and given the good results provided by the model when this hypothesis is 23 justified (NT treatment), it can be assumed that the differences between simulated and observed 24 soil water losses are due to a modification of the soil hydraulic properties caused by tillage.1 high soil water recharge during the autumn of the first year of fallow might increase the amount 2 of water stored in the soil profile at sowing time. However, this conclusion should be taken with 3 caution, and further experimental work should be done to validate it. 4 Figure 6 shows the time course of the measured and modelled θ for the plough layer (0-40 cm 5 depth) under the CT, RT and NT treatments over the 1999-2000 fallow period and clearly 6 illustrates the effect that tillage operations had on the soil water content. It can be observed that 7 the agreement between measured and simulated θ under NT for the entire period decreases under 8 the CT and RT treatments, particularly under CT, from the date of primary tillage implementation 9 on (shaded area). 10
In order to evaluate the short-term effects of primary tillage on soil water storage, the time 11 course of the water loss measured from the 0-70 cm soil profile, (E + D) M was compared with the 12 values simulated by SiSPAT, (E +D) S . This comparison is best illustrated by the results from the 13 2000-2001 fallow season since a relatively long dry period followed primary tillage on DAY 100 14 (Fig. 7) . Assuming a negligible deep drainage on the day of tillage (Fig. 4) , SiSPAT correctly 15 simulated the cumulative evaporation loss under NT for the post-tillage period. By contrast, there 16 were clear differences in the tilled treatments between observed and calculated evaporation 17 immediately after tillage (Fig. 7) . This discrepancy can be explained by the fact that the model 18 did not take into account the soil loosening caused by tillage and its effects on the water 19 transmission properties at the soil surface. The soil loosening produced by tillage increases 20 surface roughness, which increases potential evaporation by concentrating heat in the surface 21 layers and allowing greater wind penetration into the soil (Jalota and Prihar, 1990). In our case, 22 the soil water loss for the 24 h after tillage was 12.7 and 8.3 mm under CT and RT, respectively, 23 as opposed to only 1.2 mm under NT (Fig. 7) . 24
Simulation of the soil water balance and components during fallow 1
The objective of this section is to compare the soil water losses between years, according to 2 the rainfall regime, and between treatments. Results from SiSPAT simulations are also used to 3 evaluate in which situations water losses are likely to be caused by evaporation and in which 4 situations drainage below 70 cm is the dominant process. 5 Figure 4 shows the water balance predicted by SiSPAT for the three experimental fallow 6 periods and distinct tillage management systems on the assumption that the soil parameters for while the deep drainage estimated by the model represented 18, 28 and 5% of the total rainfall in 12 the respective periods. Table 5 shows the total water balance and its components simulated by 13
SiSPAT at the end of the three fallow periods under the three tillage management treatments. 14 These results indicate that if most of the fallow season rainfall is received during the autumn-15 winter period of the first year of the fallow, when the evaporative demand is low, water storage in 16 the soil profile is possible even below 70 cm depth. As a result, the water stored deep in the soil is 17 kept protected against evaporation during late spring and summer, and might consequently be 18 partially used by the following crop. On the other hand, the model simulation also showed that 19 long-fallow periods characterised by a dry winter and a wet spring have no significant effects on 20 soil water storage and percolation. Thus, the large rainfall registered in the spring of the 1999- under NT, RT and CT, respectively. These differences among tillage systems could be related to 9 differences in soil hydraulic properties. Thus, high topsoil water content under NT (Fig. 2) could 10 have enhanced soil water evaporation during the following spring and summer fallow periods in 11 this treatment. 12
In fallow seasons with a dry autumn in the first year of fallow and a wet spring (e.g., the 1999-13 2000 and 2001-2002 fallows), the differences in the components of the soil water balance among 14 the tillage systems were much smaller. In these cases, the evaporative demand during a rainy 15 spring period appears to be the main factor regulating the soil water fluxes. 16
Conclusions 18
The SiSPAT (Simple Soil-Plant-Atmosphere Transfer) model was used to simulate on a long-19 term basis the water budget of a loamy dryland soil during the fallow period of a semiarid rainfed 20 winter barley-fallow rotation managed with three different tillage systems (conventional tillage, 21 CT; reduced tillage, RT; and no-tillage, NT). The model's performance was evaluated by 22 comparing numerical results and field data covering specific sub-periods of three 17-18 month 23 fallow seasons. On the assumption that the soil properties under the different tillage systems 24 remained unchanged over the whole fallow period, the model showed that about 81% of fallow 25 seasonal rainfall was lost by evaporation in fallow periods having both a dry autumn in the first 1 year of fallow and a wet spring. In contrast, if the long-fallow period was characterised by a wet 2 autumn during the first year of fallow the model predicted an increase in water storage and deep 3 drainage and a decrease in soil water evaporation. In this case, the soil water evaporation under 4 NT was about 14% higher than that estimated under CT and RT. 5
The comparison between measured (0-70 cm depth) and simulated soil water loss showed that 6 tillage operations have a null or a negative effect on the amount of soil water stored at the end of 7 fallow. This indicates that the traditional primary tillage in early spring of the second year of 8 fallow could be eliminated. However, taking into account that the simulated soil water loss in the 9 tilled soils (CT and RT) was lower than in the NT soils due to the actual modification of the soil 10 hydrophysical properties as a result of tillage, further research should be conducted in order to 11 ascertain whether alternative fallow management practices, such as the delaying of primary 12 tillage until the end of fallow, might improve soil water storage at sowing in semiarid Central 13
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